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Introduction
At the sight of depleting fossil fuel reserves and facing increasing environmental problems connected to their continued usage, [1] [2] [3] [4] novel strategies to power our societya re presently being developed based on renewable energies. As for example planned within the German "Energiewende", [5] renewable energies in combination with chemical energy conversion will play ac rucial role in such future energy scenarios. [1] [2] [3] [6] [7] [8] [9] [10] Am ajor challenge connected to the use of renewables like wind and solar poweri st hat they provide energy in ah ighly fluctuating, time-dependent manner.A lso, catalytic processes involved in the (electro-)chemical storageo fe lectrical energy,a sw ell as in the (subsequent)t ransformation to chemicals and fuels, will be necessarily subjectt os ignificant fluctuationsu nless sizeable buffer systemsa re installed. This is schematically illustrated in Figure 1a nd requires more decentralized plants with reactors that can be startedu pa nd rampedd own depending on the availability of feedstocks from renewable resources.T oc omplete the transition to as ystem entirely based on renewable energies, it is therefore essential to make chemical and electrochemicalc atalysts more toleranta gainst an alternating supply of energy andr aw materials.T he new boundary conditions contrast most of the former and current chemical processes that are continuously run in as ingle, more or less optimal operationw indow.N otwithstanding, even under steady-state conditions, dynamic changes are omnipresenti nh eterogeneous catalysis and electrocatalysis. [11] [12] [13] [14] [15] [16] In the future, (electro-)chemical catalysts will have to be more tolerant towards av arying supply of energya nd raw materials. This is mainly due to the fluctuating nature of renewablee nergies. For example, power-to-chemical processes require as hift from steady-state operation towards operation under dynamic reactionc onditions. This brings along an umber of demands for the design of both catalysts and reactors,b ecause it is wellknown that the structure of catalysts is very dynamic. However, in-depths tudies of catalysts and catalytic reactors under such transientc onditions have only started recently.T his requires studies and advances in the fields of 1) operando spectroscopy including time-resolved methods,2 )theory with predictive quality,3 )kinetic modelling, 4) design of catalysts by appropriate preparationc oncepts, and 5) novel/modular reactor designs. An intensive exchange between these scientific disciplines will enable as ubstantial gain of fundamental knowledge which is urgently required. This concept article highlights recent developments, challenges, and future directions for understanding catalysts under dynamic reactionc onditions.
Af luctuating supply of energy and raw materials, as exemplarily given in Figure 1 , affects both transport processes within the reactoro rt he porousc atalyst materials and dynamic changes on the molecular catalyst level. [17] [18] [19] The latter are particularly demanding as changes of the performance of acatalyst, fore xample, as consequence of temperature or redox potentialv ariations, are difficult to correlate to changes in the microscopics tructure even under steady-state conditions. As one hast ou nravel catalysts tructure, concentration and heat gradients in the reactor while the process is running ("operando") [17, 18, [20] [21] [22] we have only recentlyb egun to grasp these complex structure-function relationships. With the availability of new analytical methods, it is now possible to gain furtheri nsights into (electro-)catalytic systems andt oo btain ad eep molecular-level understanding even for variable reactionc onditions. [12] Furthermore, theoretical approaches have evolved to an extent that they can now predict active sites andg ive input for kineticm odeling which will substantially contribute to understanding the complexr elationships in dynamically operated systems. [23] [24] [25] Deriving such am icroscopic understanding will be vital for adapting catalysts and chemical processest ot he new boundary conditions.
Even thoughs uch av iew on catalytic processes as derived from Figure 1might appear rather new,changingr eaction conditions have already been encountered in selected processes like fluid catalytic cracking [26] or exhaust gas catalysis. [27] In these cases, however,f luctuating reactionc onditions are either used to restoret he catalytic activity by circulating the catalyst periodically through ar egenerator,o rt hey are unintentional and ac onsequence of the respective engine operation asi n the latter case. Research on process intensificationb yp eriodically fluctuating process conditions has shown great potential, [28] but has not yet been applied in an industrial setting. In contrast, in electrocatalysis, non-stationary conditions have been widely appliedr ecently [29] and accelerated deactivation including dissolution of the electrocatalyst hasb een found. [16] Looking at catalytic systems under fluctuating reaction conditions as imposed by renewable energys ources will openu p new possibilities for catalysis in general.
In this contribution, we outline the challenges for heterogeneous catalysis connected to such an increasingly fluctuating supply of energy and raw materials.W ew ill discussp ossible strategies to correspondingly adapt existing catalysts and reactor concepts based on at horough understanding of the microscopic processes occurring at the surfaces andi nt he bulk material of solid catalysts.M ost recent pertinent developments in the field of heterogeneousc atalysis will be described and illustrated by selected examples. Rather than providing ac omplete overview of the literature in this field, we aim to highlightt he conceptual importance of considering dynamic reactionc onditions when developing the catalytic systemso ft he future. The time scale considered lies between af ew milliseconds, typical for time-dependent changes limited by mass and heatt ransfer, and af ew hours, whichi st ypical for restructuring, surfaces egregation, and the lower end of sintering processes (Figure 2 ).
Dynamic Reaction Conditions from a Catalysis Point of View
To day,m ost of the catalysts used in industrial processes are run at ac ertain operating point whichi s, if at all, mostly only alteredi fd eactivation processes have to be compensated by gradually increasing the temperature. Yields and selectivities obtained under these static conditions usually correspond to optimal values found for the specific catalysts. As Figure 1 shows, this mayb ea ltered in future processes due to the altered framework conditions. Oneo ption would be to insert temporary storagec apacities to provide ac onstant flow of reactants so that conventionalc atalysts and processes can be used. Am ore "innovative" approach which minimizes temporary storage capacities would be to redesign our catalystsa nd to develop more tolerant chemical processes. This poses, however,t he following questions:W hat are the effects of changing reaction conditions to the catalyst on am olecular level?W hat is the time scale and can we exploit changes in the redoxp otentialt oc reate more activea nd kinetically stable phases?C an we minimize or even completely omit additional storage tanks by optimizing our catalysts to make them operational also under variable load, feed compositiono rt emperature?I s as mart reactor, cell and process design able to minimize the negative consequences of fluctuating reactionc onditions to the catalyst?
In principle, subjecting catalysts to fluctuating reactionc onditions is not an ew concepti nt he field of chemicalr eaction engineering:C onsiderable research efforts have been devoted to the periodic operation of chemical reactorsm otivated, e.g., by the expectation that the nonlinearity of chemical kinetics and the interaction of heat and mass transport with chemical kinetics may cause synergistic effectso nt he effective reaction rate under certainc ircumstances. [28] In particular, periodic operation refers to at echnique which aims at enhancing the performance of ac atalytic reactor (which can fore xample, be measured as conversion, product yield, selectivity to ad esired product or catalyst lifetime) by periodically manipulating the reactor input variables such as temperature or composition, pressure or flow rate of the reactorf eed. Severalr esultsd emonstrate the potential of such periodically operated reactors: For example, a1 000-fold increase in the reactionr ate of aR u catalysti na mmonia synthesis was found when cycling rapidly between H 2 and N 2 , [30] or the finding that the catalyst lifetimes of Cu-based water-gas shift catalysts were extended by multistep composition and temperature cycles. [31] However,i ndustrial applications of such concepts are still scarce. [32, 33] According to Stankiewicz et al. [33] this is connected to thelack of basic understanding of the relevant effects which hampersareliable and safe scale-up. Apart from that, difficulties sucha saseemingly more complicatedc ontrol of the process, heat integration andn ecessary additional investments are encountered when integrating periodic operation into ap lant designed for steady-state operation. [33] Silveston and Hudgins provide acomprehensive summary on periodic operation of chemical reactors. [28] An example for an industrial process with ac atalyst that encounters varying reactionc onditions is fluid catalytic cracking. The catalyst is periodically regenerated by passing through ar egenerator to burn off coke depositions. [26] In automotive exhaustg as catalysis and automotive fuel cells, strongly changing reaction atmospheresa re an integral part of the everyday challenges catalysts have to deal with, as for example, start-up, acceleration, deceleration or idling induce different air-to-fuel ratios, engine temperatures and flow rates. [34] Nevertheless,e specially for stoichiometrically operated gasolinee ngines, the composition of the exhaust gas is usuallyh eldw ithin an arrow range around the stoichiometrica ir-to-fuel ratio by means of a l-sensor.S ometimes,o scillations in the activity occur,f or example,f or CO-oxidation andt he oxygen-to-fuel ratio varies slightly,w hich is equalized by ceria and predictive control mechanisms. [35] Sometimes, like in the NO x -storage-reduction concept, the exhaust-gas streami sc hanged deliberately,t hat is, duringt he lean phase (typical exhaust gas from diesel engines, oxygen excess) NO x is stored and subsequently reduced during as mall time window of ar ich phase (hydrocarbons added). Changing the reactiona tmosphereh as also been exploited for improving the catalyst lifetime: In so-called "intelligent catalysts", the oxidation of Pd nanoparticlesw as used to incorporate Pd into ap erovskite lattice (e.g. Pd and LaFeO 3 to LaFe 0. 95 Pd 0.05 O 3 ). [36, 37] Underr educing conditions Pd movesb ack to the surface inducing as elf-regeneration of the catalysts ince the metal particles are effectively redispersed on the surface. For further information on such concepts in automotive exhaust gas emission control the reader is referred to correspondingr eviews. [38, 39] In dynamically operated fuel cells, humidification and CO impuritiesc an have as trongi mpact on local catalysts tate and can even lead to oscillations and chaotic behavior, [40] which might be detrimental to catalyst or cell life time. Also electrolyzers show strong changes of catalyst state and even dissolution during dynamic operation. [41] Apart from very few exceptions, industrial processes have so far mostly not been regarded in the light of dynamic reaction conditions relevant fore nergy storagea pplications. Even more unsatisfactorily,t he catalyst itself has until now mostly been simplified as much as possible in kinetic rate equations, also in most of the cases described above.A st he microstructure of the catalyst and, therefore, the exposed surface sites are strongly dependento nt he environment (temperature, pressure, chemical potential, concentrations of the reactants), the catalytic performance will vary depending on the local reaction conditions. This requires both the development of afundamental understanding ata na tomicl evel and its integration into the theoretical and kinetic description of the catalystu nder fluctuating conditions.C onnected to this approach are the following two new trains of thought: 1) Researchers have not only to discover the optimum reaction conditions for ag iven catalyst, but also have to design ac atalystt oa ct well under varying conditions (averaged optimum).
2) The kineticss hould be based on reaction sites that can vary and not on static ones as observed under steady-state conditions.
Only through ac ombined effort of theory and experiment we will be able to get af undamental understanding of catalysts at their atomicl evel and to deal with this multi-layered problem:S pectroscopy,t heoretical understanding and kinetic modelling of state-of-the art materials have to work hand-inhand andw ith the mutual aim of understanding the catalyst at its atomic level in relationt ot he scale of the particlea nd the reactori tself. The knowledge generatedf rom this holistic approach has then to be implemented into the design of novel materials and appropriate reactor concepts to tackle the future challenges ( Figure 3 ). This approach is not only important for energy-storage processes, but in general for reactorsa nd catalysts operated under dynamic conditions. In the following chapters, the challenges in the different disciplines are elaborated before highlighting future perspectives of dynamic operation modes of chemical reactors.
and bulk structures. Instead,t hey are dynamic entitiest hat may change their structure (e.g. morphologyo rc omposition of the surface) depending on the local reactionc onditions in the reactor. [15, 23, 42, 43] Usually,s uch changes on the atomic level also induce changes of the chemical properties. As can be seen by severale xamples given in Figure 4 , structural changes of heterogeneous catalysts under reaction conditions are manifold. [15] For example, disruption of the metal particles to isolated organometallic centers (Figure 4a )m ay occur as observedi nt he case of partial oxidation of methane with Rh catalysts which form Rh I (CO) 2 speciesu nder reaction conditions. [44, 45] Sintering (Figure 4b )d escribes the agglomerationa nd gradual growth of nanoparticles. Usually this is connected to ad ecrease of the catalytic activityo ft he catalystw hich is ac ommonp roblem in heterogeneous catalysis, [13, 36, 37, 44] as well as in electrocatalysis. [16] Systems composed of severalc omponents often feature strongm etal-support interactions.C hanging redox potentials of the reactionm ixtures may lead to differing adhesion between metal particles and the oxide support, whichi nt urn might result in morphological changes (Figure 4d ), [13, 46] or decoration effects [47] [48] [49] [50] on the metal surface. In extreme cases this may lead to composite formation (Figure 4c ). [51] Likewise, bimetallic systems might show segregation of one metal on the surface depending on the reactionc onditions (Figure 4e ), which might lead to formation of core-shell structures as in the case of PdRh nanoparticles that show Rh segregation during NO oxidation. [52] Another example is the intermetallicc ompound Pd 2 Ga for selective hydrogenations for which surface decomposition induced by oxygen impurities yields aG a-depleted Pd phasea nd Ga 2 O 3 as active phases of the catalyst. [53] The phase change of ac atalyst, for example, by oxidation [54, 55] or by formation of carbides [56] (Figure 4f )i safrequently observed phenomenon in electro-and heterogeneous catalysis. Finally,t he loss of activem aterialb yd issolution of metal particles (Figure 4g )i sf or example, encountered in electrocatalysis, in particularu nder non-stationary conditions. [16, 41] Ap rominente xample for the response of metal nanoparticles on changes of the redox potential are the morphological changes of Cu/ZnO catalysts during the hydrogenation of CO 2 to methanol in CO/CO 2 /H 2 mixtures with different redox potentials. With the help of operando EXAFS, [13] in situ IR spectroscopy, [57] and in situ electron microscopy [46] morphologicalchanges induced by different reactiona tmospheresc ould be detected ( Figure 5 ). Formation of metallicZ nw as recently evidenced by titration and electron microscopy corroborated by DFT-calculations. [58] On the other hand, the formation of am etastable graphite-like ZnO overlayer was observed ( Figure 6 ), which further exemplifies the complex interplay of Cu and ZnO and could be decisive for the extraordinary activity of the Cu/ZnO system. [47, 58] The strong metal-support interactions crucially in- fluence the catalytic activity,w hichw as also recently demonstrated by variation of the feed composition. [59] These examples show clearly that structuralc hanges provoked by the reaction conditions or interactions with reactants, intermediates, or products are an integral part of the catalyst's identity. Moreover,s tructuralc hanges and catalytic activity are closely intertwined, whichn ecessitatest he simultaneous collection of spectroscopic and activity data to correlate both types of information.
Advancing the Characterization Methods: Following Dynamics Operando
How can we further make the structuralc hanges visible and simultaneously deducetheir implications for the catalytic activity of the system?H ow fast are changes like those illustrated in Figures 4-6 and can more active phases be kinetically stabilized and regenerated?I nt his context the terms "in situ" and "operando" play ad ecisive role. In situ studies embrace experiments that are for example, performedd uring heating or cooling and in specific atmospheres. The term operando emphasizes that the spectroscopics tudy is conducted under reaction conditions close to those in ac atalytic reactor allowing on-line catalytic or even kinetic studies. With the help of speciallyd esigned reactionc ells enabling spectroscopic characterization of the catalyst under industrially relevant conditions and simultaneous monitoring of the catalytic performance, detailed structure-function relationshipsc an be derived. [20] [21] [22] 60] Here, also information obtained from the combination of multiple spectroscopic methods within the same cell are of high importance. [61] [62] [63] Such structure-function relationshipsa re the basis for understanding the complex chemical processes and finally also for establishing ak nowledge-based design of catalysts and reactors.
Nowadays aw hole toolbox that essentially makes use of the interaction of electrons, neutrons and photons with the solid materials [64] is available for the investigation of heterogeneous catalysts. The field has recently received strongi mprovements which now allowsf or studying catalysts under transient reaction conditions. Firstly,m odel reactorsh ave been developed which can operate closely to industrial operating conditions and which allow shining X-rays, IR, UV including laser light into the reactor.F or example, reactorsh ave been designed that allow forp rofiling temperature andc oncentration of species, while performing spectroscopy at the same time. [65, 66] Even spatio-temporal studies are possible. [67, 68] Secondly,m icroscopic tools have been developed further so that they can now provide atomicr esolution even at atmosphericp ressure (electron microscopy)o rs patialr esolution in the micrometer to the 10 nm scale including spectroscopici nformation (X-ray microscopic tools).F inally,s urface sensitivet echniques like XPS have been extended not only to provide information in vacuum, but also at elevated pressures or even in wet/liquid atmospheres. This allows insight into the surfaces tructure complementary to bulk X-ray or infrared spectroscopic techniques. The advances in the field of catalyst characterization can be underlined by the following selected examples: 1) Good case studies can for example be found for hard X-ray techniques like X-ray absorption spectroscopy (XAS). XAS has become av aluablet echnique for the structural characterization of heterogeneous catalysts under reaction conditions as high-energyX -rays feature al arge penetration depth. [69, 70] Operando XAS has allowed analyzing dynamic changes during the oscillatory oxidationo fC O [71] or partial oxidation of CH 4 [72] uncovering in both cases strong changes in the oxidation state. Time resolution in the ms regime can be achievedu sing both dispersive EXAFS (DEXAFS, Turbo-XAS) [73] and quick-EXAFS (including ac ontinuously scanning monochromator). [74] Using an X-ray camerae ven spatially and temporally resolved structure changes could be recorded, as exemplified in Figure 7 . Furthermore, dynamic studies have been conducted dealingf or example, with the in situ redispersion of Pt in an exhaust gas catalyst [75] during redox cycling or with reversible particler econstructions of Cs-doped Ru-based Fischer-Tropsch catalysts during switching between CO/He and H 2 /Hea tmospheres. [76] SurfaceX -ray diffraction has furtherp rovided insight into reactions at the structure of defined nanoparticles on single crystal surfaces. [77] Only recently,d ynamic studies have been conducted in the field of energy storage, showingf or example, that hydrogen drop-outh ad as trong effect on the structure of Ni-particles duringC O 2 -methanation. [80] Moreover,s timulated changes of the gas atmosphere during so-called modulation-excitation spectroscopy [81, 82] have received strong attention.I dentifying transients tates, they underlined that dynamic changes are not only of interest for applications,b ut also for fundamental mechanistic studies. Finally,t he concept of hard X-ray tech- niques has been extended to furtherp hoton-in/photon-out techniques (e.g. HERFD-XANES, X-ray emission techniques like V2C-XES), [83, 84] andX -ray microscopictechniques. [18] 2) Within the last few years microscopica nd tomographic methods on an atomics cale have made enormous progress. Especially electron microscopy has evolvedt oat rue in situ methodw hich can nowadays even be used for catalysts under gas atmospheresa nd at higher temperatures. [12, [85] [86] [87] For this purpose, differentiallyp umped microscopes or systems making use of specialw indow cellsw hich confine the gas atmosphere are used. Furthermore, structuralchanges can now be followed by means of "identical location" (IL)-TEM and IL-tomography. [16, 88] One example where IL-TEM was used to follow the effect of 3600 start-stop cycles on the catalyst structure is shown in Figure 8 . Here, IL-TEM unraveled strong changes caused by the degradation cycles.
Prominent examples in whichT EM was used to gain insights into dynamic structure changeso fc atalysts are the restructurings of Cu surfaces of aC u/ZnO catalyst in different gas atmospheres (see also Figures 5a nd 6) , [46, 47] carbon nanofiber growth on aN ic atalyst during methane decomposition, [14] and the refacetting of Pt nanocrystals during CO oxidation in an anoreactor at 1bar and at elevated temperatures. [89] 3) Traditional X-ray photoelectrons pectroscopy (XPS) is restricted to ultra-high vacuum conditions, owing to the short mean free path of electrons in gas or condensed matter.T his disadvantage has been successfully overcome using an ambient pressure cell (so-called ambient pressure (AP) XPS).
[90] By utilizing energy tunable synchrotron X-rays for APXPS, the active catalysts urfaces and the interfaces between metal and oxide support of catalystsc an be explored including information on the reactivity using mass spectrometric analysis. Althoughthe working gas pressure inside APXPS cells has mostly remained in the low mbar range, [90, 91] recent developments in this field, however,s how that operando XPS measurements under more realistic electrolysis conditions will become possible. The groups of Schlçgl [92] and Nilsson [93] could, by means of XPS, unravel that during the electrochemical oxygen evolution reactiont he degree of surface oxidation of platinum [92] and iridium oxide [93] electrodes change depending on the applied potential. In the XPS chamber aw ater pressure of 10 À2 mbar was achieved. An even more advanced setup [94] uses an electron-transparent Si 3 N 4 grid coated with bilayer graphene, [95] which separates the vacuum from af low cell filled with liquid. The setup was recently also used for studying solids in a1bar reaction atmosphere including on-line monitoring of reaction products. [96] Theses elected examples demonstrate that in situ and operando methods can nowadays provide spectroscopic information on the bulk and the surfacei nahighly time-ands patially resolved manner. This paves the way for investigating dynamic processes of catalytic materials.
Theory and Molecular Modelling:U nderstanding Catalysts under Dynamic Reaction Conditions
To understand the processes/changes of the catalyst state (bulk and surface) we do not only need to follow/record the variations with the help of spectroscopicm ethods. At heoretical description,p referentially with predictive quality,i se qually required. For steady-stateo peration conditions molecular-level modelling and simulation has already taken up the role of such an increasingly valuable, if not indispensable partner in the quest fora na tomic-scaleu nderstanding of catalytic function. [24, 97, 98] Corresponding approaches are predominantly based on first-principles electronic structure theory and density-functional theory (DFT), in particular,w ith selected aspects also treated on the level of (reactive) force fields. Central outcomesc omprise spectroscopic signatures to support the inter- Figure 7 . Spatio-temporal evolution of reducedP ts pecies during ignition of the catalyticp artial oxidation of methaneo ver 5%Pt-5%Rh/Al 2 O 3 (end of the evolution measured at 11 586 eV close to the Pt L 3 -edge): A) X-ray absorptioni mager ecorded below the ignitiont emperature; B-F) Images recordeda saf unction of time. Areddishc olor indicates lower absorption and thus the formation of areduced Pt-containing species. Adaptedw ith permission from Ref. [78] ,Copyright 2009, American Chemical Society,and Ref. [79] with permission from the RoyalS ocietyofC hemistry. Figure 8 . IL-TEM images after 0( A) and after 3600 (B) degradation cycles of aP t/C fuel cell catalyst. Green circles indicate agglomeration, the red circle showsadetached platinum particle, blue arrowsp oint at platinum particles that decrease in size due to dissolution;additionally,massive changes in the supportstructure are observed (denoted" carbon corrosion"). Reprinted with permission from Ref. [16] ,Copyright2 012,A merican Chemical Society.
ChemCatChem 2017, 9,17-29 www.chemcatchem.org 2017 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim pretation of experimental dataa nd reaction energetics of elementaryp rocessest oa id the developmento fm echanistic models. Within the increased complexityo fd ynamic reaction conditions such independent, predictive-quality theoretical input will become ever more important.F ortunately,a nd due to the disparity of reactor and molecular time constants, cf. Figure 2 , the entire methodology developed and continuously advanced for steady-state operation can equallyb ea pplied to dynamic reaction conditions-thenf ocusingo ns napshots of the evolving system.
The remaining central challenge is to come up with structural modelsf or the presumed actives ites as input to such calculations.C onsidering the morphological, compositional and structural changes induced by the reactive atmosphere as described in Section3,t he generation of ac orresponding pool of candidate structures is already ad aunting task for steady-state operation. It will not become easier for dynamic operation. At present,c andidates are primarily generated by chemical intuition anda vailable experimental informations uch as derived by methods in Section 4, to be iteratively refineda nd validated for example, through the comparison of computed and measured spectroscopic signatures. Valuable lines of research will aim to complement this with more automatized approaches, for instance relyingo nglobalg eometry optimization.
Recent years have seen ar apidly increasing use of thermodynamic approaches to assess the stability of given candidate structuresu nder realistic reaction conditions. In these approaches, termeda binitio thermodynamics in the context of heterogeneous catalysis [23, 99] and computational hydrogen electrode in the contexto fe lectrocatalysis, [100, 101] the surrounding gas or liquid phase is represented by reservoirs,w hich then allows to compares tructures of differing composition within ag rand-canonical framework. This leads to the prediction of thermodynamically stable (surface) phases either in form of phase diagrams as af unction of the chemical potentials of the reactants or in form of Pourbaix diagrams as afunction of pH and applied potential. Figure 9i llustrates this for aP dm odel catalyst surface in environments representative of CO oxidation catalysis. [102, 103] Note the closeness of the predicted transition temperatures and pressures inducings urface oxide formation (dashed line in Figure 9 ) to technological steady-state operation conditions. Corresponding diagrams have already made significant contributionst owardsa nu nderstanding of phase stability or reaction-induced phase transitions of working catalysts under steady-state operation. They will equallys erve to discussd ynamic reactionc onditions, most straightforwardly when the feed or potential changes imply ac rossing of phase boundaries in the corresponding diagrams, that is, for instanceacrossing of the dashedl ine in Figure 9 . Major limitations to this approach are, of course,i ts thermodynamic nature and the concomitanti nability to account for kinetic hindrances, the at present only indirect treatment of solvation effects, as well as the restriction of its predictivep ower to the pool of explicitly tested candidate structures. [23] First-principles calculations for an established active site model and its interactions with possible reaction intermediates provide access to the binding energetics and aw ealth of electronic structure information. These data often already afford valuable insight into structure-activity/selectivity relationships, and are increasingly used to establish descriptorso ft he catalytic function. The latter then form the basis for extended computational screeningso fs uitable catalyst materials. [104] Extending the energetic calculations to reactionb arriers additionally allowst oc ompute first-principles rate constants, currently almoste xclusively within (harmonic) transition state theory. [97] The recent quantification of Brønsted-Evans-Polanyi and equivalent relations has been an important milestonei nt his respect. [105] Corresponding scaling relations allow to minimize the computationally intensive first-principles calculations, in particularo fr eaction barriers, and thereby to make first-principles rate constants much easier accessible. Over the last decadem icrokinetic modelsu sing or even entirely based on such first-principlesd ata have correspondinglyb een devised for reaction networks of ever increasing complexity. [23, 24, 97, 98] To date, all such first-principles microkinetica nd computational screening work has focusedo ns teady-state operation. The extension of corresponding concepts to dynamic reactionc onditions is an exciting prospect that promises in depth mechanistic understandinga nd the extractiono fs implified trend descriptions for the design of improved catalysts and process conditions alike.
Multi-Scale and Kinetic Modelling:F rom the Micro to the Macro Scale
Kineticm odeling of heterogeneously catalyzed chemical or electrochemical reactions is ak ey tool to understand and optimize the behavior and performance of the corresponding surfaces, reactors,a nd cells. [25] Macroscopicm odels are already widely and successfully applied to steady state-and in elec- trochemistry to dynamic operation [106] -though withoutt aking into account changes of the state of the catalyst. As chemical reactorsa re usually operatedi ns teady state, most kinetic modelsc ontain lumped kineticsi gnoring elementary steps and dynamic behavior,b ut reproducing temperature and concentration dependence. Notable exceptions are dynamic models for catalytic converters for automotive applications, [107] where dynamic operation is considered normal. Recently,C Oa nd CO 2 methanation have also been regarded in the light of dynamic operation. [108] Dynamic kinetic modelsa re more widespread in electrocatalysis, as the corresponding systems, such as batteries, fuel cells, and electrolyzers,a re frequently operated dynamically.F urthermore,o wing to the still limited options for monitoring the electrode state, except by current and voltage, electrochemists apply as ophisticated set of dynamic electrochemicala nalysis methods for kinetic studies, such as impedance spectroscopy and nonlinearfrequency response analysis, to gain more information.T hese measurements are increasingly used for kinetic modeling, comprising model and parameter identification and analysis. [106] Coupling them to simultaneous dynamic concentration monitoring by operando characterization techniques will furtheraid micro-and macrokinetic modeling, especially if the technique allowsf or quantifying concentration dynamically.T hish as been recently demonstrated by ad ifferential electrochemical mass spectrometry (DEMS) study on dynamic CO oxidation on ap orous Pt electrode:T he chronoamperometric response and the CO 2 concentration at the surfaceo ft he porous electrode wered etected quantitatively and in sub-secondt ime steps;t he corresponding macrokinetic model allowed for aq uantitative parameter identification and av iew into the dynamic concentration profile in the electrode. [109] The combination with quantitative operando surface monitoring techniques may in future allow also for kinetic model identification and validation including changes in catalystors urface states.
Kinetic modelst raditionally are differential algebraic equation systemsc ontaining among others speciesb alances accounting for reaction and sorptionprocesses to model microkinetics and optionally transport processes to modelm acrokinetics. Even experimentally observed complex dynamics, for example,o scillatory or chaotic behavior andi ts relation to spatially distributed states, can be understoodu sing such models. [40] Thec orresponding reactiona nd sorption kinetic constants are usually determined experimentally by using macroscopicr eactorso perated close to technically relevant conditions. Any temporal or spatialc hange of the state of the catalystisu sually neglected.
As an exciting and promising alternative to experimental parameterization kinetic modelsc an be connected to the rapidly advancing field of molecular-level modeling. This allows obtaining independenti nformation on reaction mechanisms and kinetics from first-principles calculations. Here, aw ide range of synergies is perceivable. Thermodynamic data as described above allows integrating more detailed and reliable reaction mechanisms or activation energies. Furthermore, first-principles microkinetic or kinetic Monte Carlo (kMC) simulations yield informationo nk inetics, such as kinetic constants. [23] Presently, am ajor challenge is that such molecular modeling is still largely restricted to or focused on ideal, well-ordered surfaces, whereas real catalysts urfaces have often am ore heterogeneous, complex polycrystalline surface. The first-principles parameters thus deviates ignificantly from experimentallyd etermined,e ffective parameters, [23, 97, 110] permitting direct usage in macroscopic models at best for general,b ut not quantitative studies. Systematic efforts to close this gap and to gain ab etter understanding of the interplay between microscopic processes and macroscopic behavior should not only be conducteds tarting from the molecular,m icroscopics ide. Instead, ac ombined approachi ncludinga lso the scientific community dedicated to the macroscopic side,u sing for example, lumped or coarse grainedk MC modelsa nd multiscale modeling, [111] [112] [113] shouldb ep ursued.
This leaves the final question on how to integrate surface changes into kinetic models. The macroscopic modeling methodology is in principle extendable to effectively embrace changes in catalysts tate as shown in Figure 4t ogether with the corresponding, experimentally observed change in kinetics. [114] However,t his would require additional, well-definede xperiments with surface monitoring or molecular modeling. Degradation processes including oxidation, dissolution, growth, diffusion, delamination and even Ostwaldr ipening of catalysta nd its support have already been integrated into macroscopic models using macroscopic rate equations. [111] However,m ost of theses tudiesf ocus purely on steady-state operation, so modifying the models for dynamic operation is the next logical step. Also here, quantitative resultsr equire additional sophisticated and rapid surface monitoring techniques or molecular simulations.
Av ery exciting emerging field is to directly combine molecular-level modeling and macroscopicm odelst oi mplement more first-principlesknowledge and to study multiscale effects. Aw ide range of combinationsw ith DFT and MC [111] or kMC [112, 113] on the one hand and computational fluid dynamics or classical macroscopic or degradation modelso nt he other hand is ready to be explored. Figure 10 illustrates with the example of ad egrading Li ion battery the coupling of am acrokinetic cell model and ak MC-based degradation kinetic model for multiscale modeling. The degradation layer growth is determined by the complex reaction ands orption kinetic steps implemented in kMC and macroscopic boundary conditions such as concentration;g rowth is slowed down due to transport limitation through the degradation layer;t he macroscopic part of the multiscale model predicts then the experimentally observedp erformance losses vs. time in cell voltage and capacity due to the degradation process.
Finally,its houldb en oted that modeling, identifying and analyzingt he reaction, surface changea nd transport processes, as well as their complex interactions and dynamics requires also as ystems view on chemical and electrochemical reactions and reactors.T he already existing field of systems chemistry [115] may be extended and complemented by systemse lectrochemistry. 
Concepts

Rational Design of Catalysts and New Reactor Concepts
Apart from catalyst activity and selectivity,e specially the lifetime/stability is ak ey part that is to date mostly studied under static conditions. While for al ong time at rial-and-error methodw as used to improve catalytic materials, we nowadays aim at ak nowledge-based design. This comprises the design of the active phase based on structure-function relationships, ap article/pellet design with optimized heata nd mass transport properties, and ar eactor design optimizing fluid dynamics and heat transfer based on multi-scale modeling. Triggered by the new boundary conditions in the energy sector,t he adaptation of the presently appliedc atalytic materials to dynamic reaction conditions including strategies for reactord esign are expectedt og ive an alteredi mpetus to these efforts.
Althougho nly scarcely studied, alternating reaction conditions are usually believed to result in faster catalyst degradation. In case of Cu-particles on Zn, rapid sintering owing to ac hangeo ft he redox potentials was observed. [13] Similarly,a n accelerated deactivation of Ni-catalysts by fast bulk oxidation was found in the methanation of CO 2 after removal of H 2 from aH 2 /CO 2 (4:1) gas stream. [80] In electrocatalysis, to identify the degradation process in fuel cell catalysts, typically several 10 000 start-stop cycles are performed and the resulting changes in the properties of the catalysts are subsequently analyzed. [116] Several coupled degradationm echanisms, such as dissolution,a gglomeration, and detachment of particles, as well as corrosion of the support (see also Figure 8 ) were found for Pt-supported catalysts. [16] However,d ynamic reactionc onditions do not necessarily have an egative influenceo nt he catalyst performance. They can also lead to the formation of an active phase. For methanol synthesis over Cu/ZnO catalysts for example, it waso bserved that during switching from CO 2 /CO/H 2 to CO 2 -free synthesis gas and back,t he methanoly ield can be enhanced for severalh ours. [117] This effect can be directly utilized for the formation of active phases during the time period of al ow-load regime. Hence,t ot ackle the challenges lying ahead, af undamental understanding of the processes taking place at the catalyst's surfacea nd bulk material needs to be gained and then translated into the design of novel materials. For this purpose, suitable modelc atalysts have to be selected and thoroughly examined by spectroscopic methods. As demonstrated in the corresponding sections, theory and modelling approaches can then provide valuable information on electronic and structural effects whichf inally allow designing improved catalyst candidates. [24, 104] To ensure catalyst stability under dynamic reaction conditions, special concepts for catalysts ynthesis have to be targeted with respect to the length scales of atoms, nanoparticles, and catalyst particles. Strategies such as soft templating and colloidaln anoparticle synthesis provide exact control over the support'spore structure and the size of active particles, respectively (Figure1 1). [118] Catalyst supports can be also modified by selectivei ntroduction of heteroatoms modifying the redoxand, hence, the corrosion properties of the catalysts. By changing the interaction between support and active metal species, the latter can be stabilized. [119] For the reverse water-gas shift (RWGS) reaction, Cu-based catalysts that are known to suffer from sintering when operated at elevated temperatures can be stabilized by promoters such as Fe. [120] Stabilizing effects can also be achieved by specific control of the morphology of the support. Prominent examples are Ni-nanoparticles supported on ZrO 2 with high specific surface area andp orosity.T hese highly porouss upports may increaset he stability of the catalyst against coking at temperatures above 800 8Ci nt he dryr eforming of methane. [121] In another approach, Pt-based nanoparticlesw ere specifically depositedi nt he mesopore system of as upport [122] or within graphitized carbon hollow spheres. [123] The incorporation of nanostructured, bifunctional Co-particles into az eolite matrix resulted in ani ncreaseds tability under operating conditions of the Fischer-Tropsch syn- Figure 11 . A) SEM and B) TEM images of ah ierarchically porous Pd/TiO 2 catalytic coating consisting of size controlled Pd nanoparticles derived from acolloidals ynthesis. The nanoparticles wereincorporated into the pore system of ah ierarchically meso-macro porous TiO 2 obtained via dual pore templating with PMMA latexa nd micelles of Pluronic F127. The catalyst provides high activity and selectivity in the hydrogenation of butadiene. Reprinted with permission from Ref. [118] ,Copyright 2012, American Chemical Society. Figure 10 . Multiscale model for ad egrading Li ion battery:T he macroscopic model contains af ull batterycell model with mass and charge balances in electrolyte, electrode and degradation layer,whereas the kMC model contains the degradation kinetics with detailed sorption, reaction,s urface diffusion processes and Li intercalation. The exchange of states and constantsi n each time step between the deterministic and stochastic model requires step size synchronization and filtering of kMC output. [113] ChemCatChem 2017, 9,17-29 www.chemcatchem.org 2017 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim thesis attributed to reduced mobility due to pore confinement effects. [124] Analogously,s tabilizationb yn ano-confinement has been observed for Pt-nanoparticles. [125] Confinementv ia encapsulationa so ne possible strategy for catalystd esign also works fore lectrochemical systems: [126] Galeano et al. [123] reported that AuPt@C yolk-shellm aterials showeds trongly enhanced stabilityi nr epeated fuel cell startstop cycles.O ther approaches to the design of electrocatalysts with enhanced stability employ bimetallic nanoparticles, often realized as core-shell architecture. [127, 128] The second metal introduced into these systemss erves either as as acrificial phase, [129] or modifies the electronic structure of the active metal in aw ay that the oxidation of the metal and thusi ts dissolution is shifted to higherp otentials. [127] Other design options include the exact control of size and size distribution of the activep articles. Strasser's group reported that small Pt particles are more susceptible to electrochemical dissolution and should thus be avoided in order to obtain stable catalysts. [128] All presented design approaches have in commont hat they requireasignificant amountofunderstanding for both, the underlyingc atalyst degradation mechanisms, as well as mechanisms of pore and particle formation during catalysts ynthesis. Ad eeper understanding must therefore be an integral part of new approaches to design improved catalysts. This includes in particulartransient concentration profilesu nder fluctuatingoperation conditions, [130] as well as synthesis methodsw ith improveds tructuralc ontrol over pore systems [131, 132] and particle properties. [132, 133] As already outlined in Section 2, reactor design also offers variouso pportunities regarding non-stationary operation. At the same time, there is as trong link between catalysta nd reactor design. The latter has to provide appropriate local conditions for the catalyst to achieveh igh selectivity,h igh reaction rate, and al ong lifetime. Catalyst deactivation is one of the major factors, with fluid catalytic cracking performed in riserregenerator systems being the most prominente xample. Providing or removing the reaction heat efficiently and guaranteeing an appropriate residence-time distribution under highly variable throughput are further challenges in reactor design. In this respect, reactor systemsb ased on microchannel process technology offer many advantages. [134] The modular concept allows us to bypasso ne or severalm odules if the feed flow rate is low.T he extraordinarily high heat-transfer performance enablese xcellent control of the reactiont emperature, particularly if thin catalyst coatings on metallics ubstrates are used. This also allows quick startup or shutdown of units or maintaining the temperatureo fm odules switched to idle for ensuring ah ighe nergetic efficiency of the overall plant. This strength of microchannel reactors has been demonstrated, e.g.,i ns tudies on forced periodic temperature oscillation [135, 136] and pulsed activation of catalytic reactions. [137] Te mperature cycling can further improve the averager eaction rate due to the nonlinearity of the chemical kinetics. Additionally,d irect beneficial effects may be observed such as desorptiono fa dsorbates blockingt he surface. Ford isturbing adsorbates ap erformance increasem ay also be achieved by periodic regeneration of the catalystv ia dynamic changes of the reactantc oncentration or the feed load. This has been shown recently fore lectrochemical cells. [106] The resulting reducing or oxidizingc onditions reactivate the catalyst surfacee ither by oxidation or reductiono ft he catalyst or by desorption of adsorbates.T his strategy is applied in practice, e.g.,i nd irect methanolf uel cells. More detailed understanding of processes in electrolyticc ells would enable and better exploit ad irected use of dynamic operation.
Another approachinreactor design for coping with imposed variable-flow rates or feed compositions is to provide as ystem capable of damping out the fluctuations, e.g.,d ue to ah igh heat capacity or high capacity fora ccommodating the reactants. One example is the use of slurry bubble column reactors for methanation. [138] In ar elateds tudy the potential of tubular packed-bed reactors for CO 2 hydrogenation to C 2 -C 4 hydrocarbons under variable feed conditions was analyzed both by experiment and simulation. [139] Nevertheless, studies addressing the dynamic behavior of catalytic reactors and solid (electro-) catalysts for synthesis of chemical energy carriers remainl argely underrepresented,a nd also ac onnection to the state of the catalysti nd ifferent places inside the reactor under such conditions is yet to be made. To tackle this, more work is needed in particularc oncerning the developmento fa dvanced laboratory reactors ystems including catalysts, e.g.,byc ombining X-ray [140] and optical [141] in situ spectroscopy,c apillary techniques, [66] advancedm ethods for gas sampling, and effective approaches to reactor design and fabrication sucha s, e.g.,microfabrication [142] and additive manufacturing (3D printing). [143] 
Perspectives:N ew Catalytic Opportunities During Dynamic Operation
Besidest he integration of flexible, modular,d ecentralized catalytic reactors, dynamic operation of reactorsw ill be ak ey element in future energy storaget echnologies. Hardly any systematicr esearch on the catalystp roperties including structure and texture under such dynamic operation conditions has been conducted, except for recent studies in electrocatalysis. We have to catch up on these omissions. More recently,t he boundaryc onditions are better than ever before because many tools to study andu nderstand catalysts in detail have been developed and tremendousp rogress has been achieved in rational catalyst design and the design of (micro-)reactors. Several case studies already pave the way on how to analyze the extremelyd ynamic structures. The concept of investigating catalysts under forced dynamic conditions may be very rewarding, not only as it promises to gain more fundamental insights into the catalyst, but also as the gained knowledge may be exploited in other research areas like exhaust gas catalysis, selectiveo xidation reactions, fuel cells, batteries, or photocatalytic devices.
The challenges in the different scientific disciplines with respect to dynamic operation ( Figure 3) are manifold: Thes pectroscopica nd microscopic methodsn eed to be furtheri mprovedt op rovide surfacea nd bulk structurali nformation as well as gas phase concentrationsi naspatially and time-resolved manner (recall also Figure 7 ). Moreover,m olecular and kinetic (multiscale) modeling will provide additional insight to rationalize changes of reactors andc atalysts under dynamic conditions. Ap articularc hallenge is the identification of the differenta ctive catalytic centers, depending on the reaction conditions and the kinetics of the transformation from the more active to the less active (but thermodynamically more stable) state. Finally,m olecular modeling needs to become capable of predicting the surface structure as af unctiono ft he dynamically changing reaction atmosphere,a st his will then be the basis for the kinetic and multiscale modeling. Dynamic system analysisa llows furtheru nderstanding of the complex dynamic interaction and self-organization of processes and catalyst surfaces. Furthermore,t he concepts for catalysts tabilization, e.g.,b yc onfinemente ffects, core-shell particles or strong metal-support interactions, which may be exploited under rationally adjusted reaction conditions, need to be developed further, especially for the purpose of dynamic operation. All these topicsa re interlinked with reactor design,b oth on the systemsl evel enabling an improved understanding of all relevant phenomena( in situ/operando cells, advanced reactors for kinetic studies, etc.) and for eventually implementing the new concepts on at echnical scale.
As the state of the art in the different areas shows, there is ah uge potential to further develop the concept of rational reactor and catalyst design for dynamic operation conditions. This will result in an improved design of catalytic processes which are compatible with the demands of our changing energy sector.T oa chievet his ultimate goal, scientists from the differents cientific disciplines (Figure 3 ) need to work hand in hand. Only this will allow for ak nowledge-based design of new-generation catalysts and an optimal reactor design applicable for or even exploiting dynamic reaction conditions.
